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Introduction

The purpose of this study is to determine whether the
structural organization of Pattern 2 marsupial enamel in the
Koala is disposed to resist wear on the sectorial crests of the
molar teeth. The orientation
of wear on the crests is
uniformly delineated by parallel scratches on their polished
surfaces. Twin blades, a leading and a trailing edge of enamel
are formed on each crest by wear into dentine on which the
differential wear at enamel to dentine interfaces indicates that
the direction of wear is labial to lingual.
96 leading and trailing edges from 12 koala molars were
examined by light and scanning electron microscopy as
ground sections, polished and etched surfaces or polished and
etched whole mount preparations sputter coated with gold.
The results showed that the leading and trailing enamel edges
are different in their thicknesses, and in the course of their
rods. The rods in the thinner leading edge are angled at 25°
to the long axis of the tooth and cross the worn surface al
60-70°. Trailing rods run at 5° to the long axis to cross the
worn surface at 90°. The inter-rod sheets run parallel to the
wear striations and thus hold the rods in palisades angled in
the leading edge particularly
to resist the vector of the
occlusal forces in the direction of wear. Crystals in the rods
emerge roughly perpendicular onto the worn surface which
makes them more resistant to abrasion than those in the
inter-rod substance which lie parallel to the worn surface and
are more readily removed.
Koala enamel on the sectorial crests is thus a simple
Pattern 2 rod packing pattern but the angles of the rods and
the alignment of the inter-rod substance appear to be adapted
to resist occlusal forces and abrasion.

KEY WORDS:
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Electron Microscopy, Wear.

form August

Marsupial,

Ultrastructural differences in enamel between taxonomic
groups of animals are of interest because they may provide
morphologic criteria for the discrimination of phylogenetic
relationships from a durable tissue which is usually preserved
in fossil material and hence has value in the study of
evolution. Examples of such studies of enamel are those of
Boyde (1978), Sahni (1979) and Kozawa (1984). In this regard
the Australian monotremes and marsupials are of particular
interest representing on the one hand unique evolutionary
stages and on the other a monophyletic group which has
radiated, on the isolated Australian
continent,
into the
environmental niches now occupied in the rest of the world,
largely by placental mammals. The studies of Boyde and
Lester (I 967), Lester (1970), have characterized the enamel of
monotremes as tubular and prismatic with a prism packing
pattern type 2.The marsupials, with the exception of the
wombat, also have a tubular prismatic enamel of pattern type
2 and Lester is pursuing pattern discriminations within the
marsupials both descriptively and quantitatively
(personal
communication).
Different three dimensional
patterns of enamel rod
packing are genetically
determined
and therefore
have
phylogenetic significance (Koenigswald, I 980). However, if
regional differences in tooth cusp morphology, adaptations
for puncturing,
crushing or shearing are found to be
accompanied
by regional
differences
in enamel prism
packing, they might be adaptations to the functional loads at
that
site.
Consequently,
greater
documentation
of
differentiations in enamel at sites of high stress and wear will
not only give insights into how the architecture of enamel can
be adapted to resist the forces of wear but also on how these
adaptations have evolved in related genera.
In the placental mammals,
Hunter-Schreger
bands,
decussating groups of enamel prisms (rods), are presumed to
be evolutionary differentiations
of enamel to resist stress.
Rensberger and Koenigswald (I 980) have studied the worn
enamel surfaces
of cheek teeth in fossil and recent
rhinoceroses which are characterized by fine parallel ridges.
These ridges are the result of differential wear of the enamel
with respect to the Hunter-Schreger
bands. The enamel rods
that are vertical, or are at a smaller angle of incidence, to the
abrasive force, resist wear to a greater degree than those
enamel rods which are horizontal, or are at a larger angle of
incidence to the abrasive force. Fortelius (1984 & 1985) and
Boyde and Fortelius (I 986) have extended the work of
Rensberger and Koenigswald (1980) to document various
other modes of rod decussation in a number of extinct
lophodont
ungulates and amplified understanding
of the
interaction of wear with enamel structure. By comparing the
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effects of diamond polishing, airbrading with aluminium
silicate and air polishing with sodium bicarbonate
on
differentially
oriented
enamel
rods and crystals
they
concluded that rods and crystals with their longitudinal axes
parallel to the wearing surface are more prone to removal by
abrasion than those with their transverse axes perpendicular
to the enamel surface. Regional variations in enamel rod
patterns among the marsupials which might be adaptations to
stress have received relatively little attention.
Beier (1984) has shown that in the Permelidae,
Vombatidae and Macropodidae,
the prisms are arranged in
rows and the interprismatic substance is disposed in strong
inter-row sheets which separate these rows. Between the
prisms of a row, little or no interprismatic substance may be
found. This pattern corresponds to that found in ungulates.
However,
in Didelphidae,
Dasyuridae,
Phalangeridae,
Petauridae and Phascolarctidae,
the prisms are surrounded
by interprismatic substance on all sides,and are considered
more primitive.
Beier (l 983) has studied the enamel of the macropods.
Hunter-Schreger bands are found on especially exposed areas
of the teeth; on the narrow edges of the lower incisors, the
scissorlike ridges of the premolars and on the ridges of the
lophs of the molars, in the latter two sites being arranged
vertically. While Beier (1984) found no Hunter-Schreger
bands in koala teeth the extent of wear on his material may
have obscured these features. Palamara et al.(1984) have
illustrated prism decussations
and regional differences in
hardness in macropod enamel.
The morphology and occlusion of the molar teeth of the
koala have been described in detail by Lanyon and Sanson
(l986a).The teeth function as leaf cutters with two opposing
sets of blades formed by crescentic ridges (cristae and
cristids) mounted anteroposteriorly
on the slopes of four
pyramidal cusps on each tooth. The cristae are concave on
their labial aspects and cut against the cristids which are
concave lingually (Fig. l). Wear on the enamel produces flat
facets across the crestal surfaces and as the dentine becomes
exposed, twin blades are formed from the enamel of the
original leading edge and from the original trailing enamel
with the intervening softer dentine being scooped out by
abrasion in accordance with the effect described by Greaves
(1973) and Rensberger (1973). The direction of the main
chewing stroke is confirmed
from this effect, to be
labiolingual (Lanyon and Sanson 1986a; Young and Robson,
1987). Scanning electron microscopy reveals that the polished
enamel surfaces of the crestal facets are traversed by fine
parallel scratches of 4-8 µm wide produced by phytoliths in
the eucalyptus leaves which are the exclusive diet of the koala
(Young and Robson, 1987). The koala molar is a natural
experiment
in which the cristae are analogous
to the
selenodont lophs of the artiodactyls. Accordingly, this study
was aimed at determining if the enamel microfabric on the
crests was adapted to functional stresses and abrasive wear
on them. The presence of parallel scratch marks on the crests
and possibly other microwear features make the koala molar
crest a suitable site for studying the interaction of functional
stresses and wear with Pattern 2 enamel ultrastructure.
Comparisons were made between leading and trailing edges
of enamel thickness, of the alignment of rods and inter-rod
sheets to the direction of wear, of the course of the rods as
indicated by their angles of departure from the enameldentine, or amelodentinal, junction (ADJ) and emergence on
the cusp incline and by the angles they made with the planes
of wear. The absence of H unter-Schreger
bands in the
phascolarctidae
reported
by
Beier (l 984) was also
investigated.
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Materials and Methods

Twelve maxillary and mandibular right and left, first,
second and third molar teeth were available for study from
one koala. The wear on these teeth was moderate and showed
Class 2 wear on the first molars and Class I on the second
and third molars according to the classification of Lanyon
and Sanson (1986b). The teeth were prepared for examination
by transmitted light and scanning electron microscopy [SEM]
as ground sections, cut, polished and etched surfaces, and
polished and etched whole mounted segments.
Twenty-four longitudinal ground sections in the coronal
plane were cut labio-lingually
using a Bovis planomatic
cutting machine along the wear striations on the crestal wear
facets (Fig. la). The sections were positioned approximately
half way down the anterior and posterior cristae. Sections

a

Figure I a. A diagram of the occlusal surface of the right
maxillary second molar of the koala. The line Al, A2
transects the preparacrista and the preprotocrista
while Bl,
B2 transects the post metacrista and posthypocrista.
The
teeth were sectioned in the coronal planes of Al, A2, and Bl,
B2 along the labio-lingually directed wear striations on the
worn enamel facet (cross hatched). The line through the
centre of the facet indicates the position of the unworn crest.
Exposed dentine is stippled. b. Represents a section of a
worn posthypocrista.
The thicknesses of leading (left) and
trailing edge enamel (right) were measured on a perpendicular
from the amelodentinal junction (ADJ) to the cusp incline
(C) at the edge of the wear facet.

Tooth Enamel in Koala
Polished and etched preparations were then made from
the remaining segments of the second and third molar teeth
from each quadrant.
They were sectioned labiolingually
through the central fissure and embedded in an acrylic based
resin (L.R. White) polymerized in an Argon environment, for
48 h at 55°C. The segments were mounted on aluminium
stubs,
with their anterior
and posterior
cut surfaces
uppermost
for viewing.These
surfaces were equivalent in
orientation to the ground sections examined with the light
microscope.
Unworn crests of the fourth maxillary molars were
sectioned horizontally along the crest apices and the labial
surfaces of the pyramidal labial cusps were sectioned parallel
to the surface and the ADJ. As this surface is slightly
concave, the enamel rods were transversely
sectioned at
different depths from the surface to the ADJ and were
represented in true transverse section perpendicular
to the
longitudinal axis of the rod and to the developmental surface
of the enamel.
These polished and etched sections and the whole mount
preparations,
mounted
on
aluminium
stubs
were
sputtercoated
with gold, and viewed under a Cambridge
Stereoscan
600 operating
at 7. 5 kV. In particular,
the
observations
were directed towards the relationship
of the
enamel rods and inter-rod substance to the amelodentinal
junction and the worn crestal surfaces.
The dimensions
of the enamel rods and inter-rod
substance were measured on electron micrographs ranging in
magnification
from 500- I 000 x using a micrometer accurate
to 0.1 mm. The dimensions were converted to microns.
The apparent orientation of enamel crystals within the
rods and inter-rod substance with respect to the direction of
the wearing forces was also ascertained. Angles made by long
axes of enamel crystals to the worn tooth surfaces within
rods and inter-rod
substance
were measured on electron
micrographs ranging in magnification from 800000 x using a
drawing device (Astra) accurate to I O •

were mounted on glass slides with Supa Glue adhesive and
ground between 30-100 µm on a Buehler polisher using
progressively fine grades of silica and alumina grits; cleaned
and dried, and covered with a polystyrene mounting medium
under a glass cover slip.
The
ground
sections
were
examined
at
x 200
magnification
with an Olympus
light microscope
for
differences in thickness between leading and trailing edges on
the labial and lingual crests. On the 12 molar teeth, 85 out of
the potential 96 leading and trailing edges were measured,for
eleven edges were lost in processing.
Using a calibrated
eyepiece micrometer accurate to I µm, the enamel thickness
was measured on each edge as the distance in µm, on a line
from the unworn enamel of the crestal surface perpendicular
to the amelodentinal junction (ADJ) (Fig. I b). The position
on the crest where these measurements were taken, varied by
two factors. Firstly, the crests were sectioned approximately
half way down their slopes but the exact position of the cut
was determined by the position of visible striations which
were used to locate the diamond wheel in cutting. Secondly,
because wear had exposed dentine to a greater or lesser
extent, the highest point on the unworn surface of the enamel
that could be joined by a line perpendicular to the ADJ also
varied in its position on the tooth (Fig. I b). In addition, wear
was greater on the first than on the second and third molars.
These sources of variation
resulted
in a quasi-random
availability of sites along the leading and trailing edges where
thickness was measured. The means and standard errors of
thickness for mandibular and maxillary, leading and trailing,
labial and lingual, cusps were calculated
(Fig. 2) and
subjected to an analysis of variance. Statistical analyses were
performed using an interactive statistical computer program
(GLIM, Royal Statistical Society, London U.K.).
The apparent angles that enamel rods made with ADJs,
cuspal inclines and worn surfaces were measured with a cross
hair eyepiece graticule and a rotating stage accurate to 0.1
degrees. For each site at least twenty rod-angles
were
measured for (a) the angle between the ADJ and the enamel
rod at its origin, facing towards the cusp apex, (Fig. 3a); (b)
the angle between the enamel surface and the enamel rod at
its terminus on the cusp incline facing towards the tooth
root, (Fig. 3b) and (c) the angle between the worn surface
and the enamel rod at its terminus on the worn surface facing
towards the trailing edge of the facet (Fig. 3c). The means of
the twenty rod-angles for mandibular and maxillary, leading
and trailing, labial and lingual cusps were determined in at
least nine sites for each category. These data were subjected
to analyses of variance.
Camera lucida drawings of the outlines of the enamel
surface and the ADJ s were made from the ground sections at
60 x magnification.
For any particular
maxillary coronal
tooth section, the drawing was placed in its anatomical
relation to the drawing of the corresponding
mandibular
tooth inferior to it, with the worn surfaces of opposing
cristae and cristids aligned along the angle made by them to
the horizontal
plane as measured
from the teeth. The
horizontal plane of each tooth, the plane of the base of the
crown, was represented by a line joining the amelocemental
junctions on the labial and lingual aspects of the ground
section (Rensberger, et al. 1984).
The remaining segment of each first molar was prepared
for examination under SEM as a wholemount preparation.
The cut surfaces were hand polished with a Buehler polisher
using a progressively fine sequence of grits. The tooth crown
was immersed in a solution of 0.3% phosphoric acid (0.05 M
H 3 PO 4 ) for 90 sec., washed with distilled water and blown
dry. The segment was mounted on an aluminium stub with
Supa Glue adhesive, connected with copper paint and sputtercoated.

Enamel Thickness
Ground sections, viewed in transmitted
light, showed
that the crests are asymmetrical
with marked differences in
the enamel thickness between the leading and trailing edges
of the cristae and cristids. The analysis of variance showed
that whether the enamel was on the leading or the trailing
edge had a significant effect, but that whether it was a
maxillary or mandibular tooth or on a labial or lingual cusp
was also significant (Table I). Leading edge enamel was

Table I
Analysis of variance of enamel thickness comparing labial
and lingual cusps [LL] trailing and leading edges [TL] and
maxillary and mandibular teeth [MM] and the interactions
between these sites. Mean Sum of Squares [MS].
SOURCE OF
VARIATION
LL
TL
MM
TL.MM
LL.MM
LL.TL
LL.TL.MM
RESIDUAL
***p < 0.001
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d.f.

M.S.

F

I

55,700
345,800
59,000
3,800
38,900
14,800
61,700
3,659

15.22***
94.49***
16.12***
1.04
10.63***
4.04*
16.86***

I
I
I
I
I
I
77

*p<0.05
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thinner than trailing, in both maxillary and mandibular teeth
(Fig. 2). Maxillary
enamel
was mostly
thicker than
mandibular enamel. The enamel on labial cusps was thicker
than that on lingual ones and the thinnest leading edge was
on lingual mandibular cusps (Fig. 2).

respect to one another are laid out on the camera lucida
drawings as in Fig. 3, further directional
relationships
between opposing groups of prisms were apparent. Firstly,
enamel rods departed their respective ADJ ventrad in the
maxilla, or craniad in the mandible, in antiparallel directions
(Fig. 3a). Regardless of the actual angle of rod to ADJ, and
these were not apparently
linked, leading rods paralleled
opposing leading rods, and trailing rods paralleled trailing
rods. Moreover, while leading rods in lingual cusps were

LEADING
LABIAL

MAXILLARY

LINGUAL
LABIAL

MANDIBULAR

LINGUAL

Table 2
Analysis of variance of angles made between enamel rods and
the amelodentinal junction comparing labial and lingual
cusps [LL], trailing and leading edges [TL] and maxillary and
mandibular teeth [MM] and the interactions between these
sites.

TRAILING
LABIAL

MAXILLARY

LINGUAL

MANDIBULAR

LABIAL
LINGUAL

0

100

200

300

JJm

SOURCE OF
VARIATION
LL
TL
MM
TL.MM
LL.MM
LL.TL
LL.TL.MM
RESIDUAL

400

Figure 2. The differences in enamel thickness in µm between
leading and trailing edges of cristae and cristids from
longitudinal ground sections of koala molar teeth at x 200
magnification.
Means and S.E. bars are shown, n> JO per
site. The least significant difference between the means at p
= 0.05 (LSD, P 0 05) equals 51.4 µm.

d.f.

M.S.

F

I
I
I
I
I
I
I
78

2,060
59,280
250
39,600
0
18,100
620
193.6

10.64***
306.21 ***
1.291
204.56***
0
93.59***
3.20

***p < 0.001
Enamel Rod Direction
Leading edge enamel, on the labial surfaces of cristae
and on the lingual surfaces of cristids, was composed of very
regularly disposed enamel rods running in relatively straight
short courses with their longitudinal axes at approximately
25° to the long axis of the tooth. Trailing edge enamel, on
the lingual surfaces of cristae and on the labial surfaces of
cristids, however displayed rods with longer courses which
ran at approximately 5° from the long axis of the cusp.
The analyses of variance for the angles between the rods
and the ADJ, the unworn cusp inclines and the worn crestal
surfaces of the enamel are given in Tables 2, 3 & 4. In
general, enamel rods, departed from the ADJ at significantly
higher angles on leading edges (67-87°) than on trailing edges
(6-32°). Cusp position (labial or lingual) and jaw (maxilla or
mandible) had an effect. For example maxillary labial leading
edge rods departed at 87° SE 2.79 while mandibular lingual
leading edge rods departed at 67° SE 4.85. The angle of
intersection
of the rods with cusp inclines was again
significantly different between leading and trailing edges
(Table 3).

Table 3
Analysis of variance of angles made between enamel rods and
cusp inclines comparing labial and lingual cusps [LL] trailing
and leading edges [TL] and maxillary and mandibular teeth
[MM] and the interactions between these sites.
SOURCE OF
VARIATION
LL
TL
MM
TL.MM
LL.MM
LL.TL
LL.TL.MM
RESIDUAL
***p < 0.001

As can be noted in Figures 3a & b, the angles between
the rods at the ADJ and at the cusp incline (alternate angles
when considering the ADJ and cusp incline to be roughly
parallel) were not equal for equivalent sites. This was because
of slight curvature
of the rods between those surfaces.
Towards the enamel surface, rods on the leading edges bent
toward the long axis of the cusp while those on the trailing
edges bent from the long axis. When the rods were transected
at varying positions along their lengths by the plane of wear,
the angles between the rods and the worn surface on the
leading edges, 60-70°, were significantly different (P<0.001)
to these angles on the trailing edges, 90-92 °. (Table 4 and
Fig. 3c). It is of interest that the least significant difference
for these mean angles was small, 8.6° (Fig. 3c). Further,
there were no significant differences between labial and
lingual cusps or the maxilla and mandible (Table 4).
When the orientation of the rods in opposing crests with

d. f.

M.S.

I
I
I
I
I
I
I
74

JOO
12,480
580
940
1,040
480
480
240.7

F
0.0415
51.854***
2.40988
3.9057
4.32117*
1.9944
1.9944

*p<0.005

Table 4
Analysis of variance of angles made between enamel rods and
the worn surface comparing labial and lingual cusps [LL]
trailing and leading edges [TL] and maxillary and mandibular
teeth [MM] and the interactions between these sites.
SOURCE OF
VARIATION
LL
TL
MM
TL.MM
LL.MM
LL.TL
LL.TL.MM
RESIDUAL
***p<0.001
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d.f.

M.S.

I
I
I
I
I
I
I
70

49
15,424
152
291
44
28
0
83.80

*

F
0.5847
I 84.057**
1.80
3.4726
0.5251
0.3341
0
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parallel to each other, they were not to those in the labial
cusps (Fig. 3a). This parallelism was present but was not as
striking in the rod to cusp incline data (Fig. 3b). However,
the data of rod to worn surface angle again showed this high
degree of parallelism (Fig. 3c).
As can be seen from the angles made by the worn
surfaces to the ameloccmental junctions (Fig. 3d), the labial
and the lingual crests face lingually and hence constitute
phase I chewing facets when the mandible is moving medially
and craniad and phase II facets are absent. In addition, the
angle of the maxillary labial crestal worn surface (mean 10°
range 0-14°) was different from that on the maxillary lingual
(Mean 18° Range 8-27°). When leading and trailing edges
were divided by dentine exposure they remained in the same
plane.

A.

Scanning Electron Microscopy
The whole mount preparations,
lightly etched on their
worn surfaces and polished and etched on their cut surfaces,
enabled residual microwear to be discerned and allowed the
underlying disposition of rods and inter-rod substance to be
related to the direction of the wear force. The method
employed of longitudinal sectioning along the crestal wear
striations resulted in a high proportion of the enamel rods in
both leading and trailing edges being exposed along their long
axes for considerable distances (Figs. 4 & 5). This allowed the
apparent angles of the rods as measured in the ground
sections lo be verified. All angles fell within the one standard
deviation of the means derived from the ground sections.
In Figure 4, on the posthypocristid of a mandibular first
molar, the direction
of wear was confirmed
by the
differential wear on the exposed enamel-dentine junctions on
the cusp tip. The leading edge is thinner than the trailing.
The leading rods were found to run a relatively straight
course departing the amelodentinal junction at a high angle,
while the trailing rods departed at a lower angle. The
differences between leading and trailing edge rods in their
orientation to the worn surface was particularly evident in the
polished and etched preparations (Fig. 5). Where the crestal
surfaces were not worn down lo dentine (Fig. 5) three distinct
zones of different microfabric were discerned. The leading
edge, between 200 and 250 µm across, constituted the first
one third (compare Fig. 2) in which the rods rose to meet the
worn surface at 60- 70° in clearly demarcated
vertical
palisades. An intermediate zone of approximately 100 µm was
found on either side of a vertical enamel lamella, 1.3 µm in
width, which arose from the apex of the ADJ, continued up
to the apex of the crest and could be found on some worn
surfaces on which dentine was not exposed (Fig. 5). In this
zone, rods and inter-rod substance were randomly related to
the worn surface with some inter-rod sheets being disposed
horizontally. This zone merged into the third or trailing zone
where the rods rose to meet the worn surface at 90° in
vertically
disposed
palisades.This
zone constituted
the
300-350 µm width trailing edge (Fig. 5).
In horizontal sections, the crests showed an orderly
alignment of the rod palisades and inter-rod sheets across the
first, leading, and third, trailing, zones. In the intermediate
zone, the rods bent randomly in all directions and sheets of
inter-rod substance fanned out in an irregular manner in the
horizontal plane of sectioning (Fig. 6). The intermediate zone
and horizontally aligned inter-rod sheets were lost when
dentine became exposed on the crestal surface. The leading
and trailing zones then constituted the twin blades of the
crest (Fig. 7). This figure shows that on the worn crestal
surfaces of whole mount preparations, the direction of wear
at the site could be confirmed by the differential wear at
enamel-dentine
interfaces and by striation orientation. The
long axes of the sheets of inter-rod substance were found to

Figure 3. A diagram compiled using camera lucida drawings
from two ground sections of the maxillary right first molar
and the mandibular right second molar. The postmetacrista is
apposed to the preprotocristid
and the posthypocrista
is
apposed to the premetacristid as occurs in the labiolingual
chewing stroke (arrow). The teeth are orientated with their
amelocemental junctions in the horizontal plane. The dentine
is stippled. The means are given of angles made by the
enamel
rods,
of all teeth
measured,
with (a) the
amelodentinal
junctions,
(the least significant
difference
between the se means at p = 0.05 (LSD,P 0 _05) = 11.80), (b)
the cusp inclines (LSD,P 0 _05 = 13.8°) and (c) the worn crestal
surfaces
(LSD,P 005
8.60°).
Note the remarkable
parallelism shown by the directions of the prisms particularly
on the leading edges. The differences in width of leading and
trailing edges are to scale. (d) The range and mean angles
made between the worn surfaces of the cristae and cristids to
the line joining the amelocemental junctions. In the Koala
only vertical angles, equivalent to Phase I of the chewing
stroke in other animals, are produced on the crests.
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In suitably etched preparations,
the crystals
vertically aligned inter-rod substance were seen to
their long axes approximately horizontal to the worn
while the crystals of the rods emerged approximately
to the worn surface (Fig. 8).

be oriented to a substantial degree parallel to the wear
striations. The inter-rod sheets ran parallel to one another
with rows of as many as twenty rods palisaded between them
before obvious interconnecting compartments crossed the row
of rods to merge with adjacent sheets.

Figure 6. Etched horizontal section of a crista from a koala
fourth molar. The leading edge (LE) and trailing edge (TE)
are composed of regular palisades of vertical rods with interrod substance arranged across the crest. In the intermediate
zone, the rods radiate in various directions horizontally with
fanning out of inter-rod substance (I RS). Bar = 0.1 mm.

Figure 4. Sectioned, polished and etched whole mount of the
hypoconid of the mandibular right first molar in the koala.
The cusp tip is eroded to dentine (DW) and ·the dotted line
indicates the exposed enamel-dentine
trailing interface. The
cut surface contrasts the angle of curvature of the trailing
edge enamel rods (TES) in longitudinal section as they depart
from the amelodentinal
junction (ADJ) with those in the
leading edge (LES). The arrow indicates the direction of the
opposing crest during the chewing stroke. Bar = 100 µm.

Figure 5. Ground,
polished and etched section from a
relatively unworn posthypocrista of a maxillary second molar
in koala. The enamel shows two zones of distinctly different
rod orientation to the worn surface (top). The leading edge
enamel (LE) has closely packed rods angled at approximately
60- 70° and trailing edge rods (TE) are at approximately 90°
to the worn surface. The boundary between the two zones is
formed by an intermediate zone where rods are randomly
related to the surface and is accentuated by the presence of a
lamella (B). Bar = 100 µm.

in the
lie with
surface
normal

Figure 7. Etched worn surface of the postentocristid
of a
koala first molar. Differential wear on the exposed dentine
(DW) indicates the direction of the chewing stroke (arrow).
Thus the leading edge enamel (LEW) is on the left and the
trailing on the right (TEW). Orientation of the wear is shown
by the striation (S) which is approximately IO µm in width.
The inter-rod sheets (I RS), in both leading and trailing edges,
are disposed with their long axes mostly parallel to the wear
striation. Bar = 100 µm.
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Figure 9. Koala enamel fractured in the long axis of the rods
and along the inter-rod sheets (IRS). The arrow indicates the
direction of wear. The crystals in the rods (R) are at 20°
angles to the long axes of the rods. As these rods are angled
60- 70° on the leading edge to the worn surface, the crystals
emerge vertically on the worn surface. Bar = IOµm.

Figure 8. Leading edge of the postmetacrista
of a whole
mount preparation of a koala first molar. The worn surface
shows tufts of rod crystals (R) that emerge vertically and
stand proud of the inter-rod substance (IRS) in which the
crystals are more horizontal.
Arrow indicates direction of
wear. Bar = IO µm.

parallel to one another and at 90° ± 5° angles to the long
axis of the intervening rods. The cystals within the rods were
rotated obliquely from the long axis of the rod towards the
crest apex at 20° ± 5° from the long axis of the rods, (Fig.
9). Thus while the rods of the leading enamel were found to
be aligned 60°-70° to the worn surface, the crystals in the
leading edges emerged at 80-90° onto the worn crest surface
while those on the trailing would emerge at approximately
a
tilt of 20° from the long axis of the tooth. Surface parallel
(ADJ parallel) sections through the labial aspects of the cusps
showed no evidence of Hunter-Schreger
bands (Fig. 10). The
number of rods per unit area, measured perpendicular to the
long axis of the rods was 2,400/mm 2 and perpendicular
to
the developmental surfaces was 2,000/rnm 2 .

Discussion
Enamel Thickness
It is of interest that in the koala, the enamel of leading
edges is thinner than that of trailing edges, and yet the two
edges remain in the same plane on the facet even when
divided by exposed dentine (Figs. 2, 3d & 4). Enamel edges
of different thickness could be expected to wear at different
rates. Maynard Smith and Savage (1959) have demonstrated
how, in the bush buck Strepsiceros, ridges are formed by
wear on the surface of the selenodont molars where the
enamel is thick on the mesolophs. Valleys are formed where
the same lophs are thinner. This produces channels which
guide the teeth in lateral excursions.
In the koala, the
disposition of the cusps guide the teeth in lateral excursions.
Rensberger (1975 & 1978) emphasized the importance
of
enamel crest thickness in controlling the elevation of the
occlusal
plane in fossorial
geomyoid
rodents.
Enamel
thickening occurs where food and detritus becomes most
concentrated by the configuration
of the opposing crescentic
lophs Koenigswald (I 980) has demonstrated
that among the
arvicolids, Mimomys has thinner leading and thicker trailing
edges of the same height which work together as cutting
blades. The difference is in the enamel of the two edges,
which differs regionally. The enamel of the leading edge is a
uniserial lamellar enamel in which Hunter-Schreger
bands are
organized in layers of one rod thick which cross one another

Figure IO. Surface-parallel
polished and etched labial enamel
from the paracone of a koala fourth molar tooth. Pattern
type 2 is shown with no Hunter-Schreger
bands. Bar = 0.1
mm.

Rod and Inter-rod Dimensions
In leading and trailing edges, koala enamel was found to
be structured of slightly flattened rods of elliptical cross
section arrayed in palisades. The rods were parallel in their
lengths and with no decussations
(Fig. 9). Their wider
diameters paralleled the inter-rod sheet orientation. The mean
of their wider diameter was 6.13 µm and the mean mid rod
interval was 7.36 µm. The thickness
of the inter-rod
substance between the rods within a palisade was less than I
µm. Adjacent palisades of rods, had a mean mid rod interval
of 6.99 µm, and they were divided by sheets of inter-rod
substance of mean width 1.67 µm. The lesser diameter of
rods between the sheets was 5.02 µm. No significant
differences were found between these leading and trailing
enamel dimensions. The crystals in the inter-rod sheets ran
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at right angles with inter-rod substance strengthening the
third dimension. The enamel in the trailing edge is made up
of parallel rods with inter-rod sheets (tangential enamel)
similar to koala. Since tangential enamel lacks strengthening
elements in the third dimension, its physical properties may
be less resistant than lamellar enamel to abrasion and crack
propagation and require it to be present in greater thickness
to compensate. This suggests that the differences in thickness
found between leading and trailing edges in the koala reflect
differing capacities within their edges to resist wear as a
result of different rod alignment or crystal orientation.

perpendicular to the amelocemental junction as described by
Boyde 1964, was also found to be disposed, across the crests,
consistently in parallel with the direction of the wearing
forces marked by the striations on the facets. This could be
viewed as a further adaptation which maintains the palisades
of rods aligned to resist the direction of the abrasive
particles.
The koala did not however appear to have evolved
Hunter-Schreger banding at either the uniserial pauciserial or
multiserial level. Consequently, the alignments of rod and
inter-rod substance seen in the koala may be viewed as less
highly differentiated
structural adaptations
to stress than
Hunter-Schreger bands.
Boyde and Fortelius (l 986) have emphasised that
longitudinally sectioned prisms and crystals are more prone
to abrasion than areas with transversely sectioned prisms.
The crystals in the rods of koala appear on the worn surfaces
in transverse section especially those in the leading edge while
those in the inter-rod sheets lie with their long axes parallel to
the surface and hence would be more readily abraded (cf Fig
8).
The enamel on the sectorial crests of koala molars then
was found to be an orderiy adaptation of Pattern 2 rod
packing in which the alignment of the rods and the inter-rod
sheets appeared to resist the forces of occlusion and in which
the crystals within the rods were optimally aligned to resist
abrasion. However the koala does not appear to have evolved
Hunter-Schreger bands as a mode of stress resistance.

Enamel Rod Orientation
The asymmetry between the leading and trailing edges is
in the alignment of rods to the long axis of the crest. These
differences reflect different paths travelled by the ameloblasts
which formed them. Significant differences in rod to ADJ
angles between leading and trailing edges, labial and lingual
cusps and maxillary and mandibular teeth (Table 2) attest
that the ameloblasts depart from the amelodentinal junctions
in markedly different directions at these sites. Yet, regardless
of the angle of departure, and as a result of the mirror
imaging of mandibular and maxillary teeth, as shown in Fig.
3a, rods in opposing crests are first laid down in anti-parallel
directions and come to cross the worn surface at remarkably
constant angles, 60- 70° on the leading edges and 90-92° on
the trailing edges. These constant relationships are all the
more remarkable when the angles made by the worn surface
on the labial and lingual crest to the amelocemental junction
are compared and found to be different (Fig. 3d). This
difference is probably due to different inclinations of the
mandibular crests at different points in the path of the
medial and craniad mandibular jaw movement (Lanyon &
Sanson, 1986a; Young & Robson, 1987). This is equivalent to
the buccal phase or phase l of the chewing stroke of
herbivores (Mills, 1963, Crompton
and Hiiemae 1970,
Rensberger et al. 1984) with the lingual phase Phase I l being
absent in koala. Thus in the koala, all cutting edges on the
crests on both labial and lingual cusps resist chewing forces
in much the same direction.
Rensberger and Koenigswald (I 980) have postulated that
rods exhibit maximum resistance to wear when they are
aligned parallel or near parallel to the abrasive force vector
and minimum when they are aligned perpendicular to the
vector. The abrasive force vector is approximately equal to
the force exerted by the muscles of mastication
in
reproducing the chewing stroke. This would consist of two
components,
a horizontal force produced by the medial
shearing motion of the crests and a vertical force holding the
teeth in contact with the food intervening. The vector would
be the resultant of these. Thus the angle of incidence that the
vector would make with the worn surface would be
approximately
parallel to the 60- 70° angled rods in the
leading edge, would impinge on the ends of the rods and be
transmitted directly to the supporting dentine. This force
vector would not be optimally resisted by the rods of the
trailing edge angled at 90° to the worn surface nor could it
be directly transmitted to the supporting dentine. However,
the perpendicular emergence of the rods on the worn surface
relates to the asymmetry of the crest. If the trailing edge rods
were symmetrically aligned, in mirror image of those in the
leading edge to the long axis of the tooth, they would emerge
at approximately 110° to the worn surface which would be
unfavourable. Thus the trailing rod alignment may be viewed
as an adaptation
to resist occlusal force although not
apparently as structurally favourable as that in the leading
edge. This may explain the necessity for greater thickness in
the trailing edge. In both the leading and the trailing edges,
the orientation
of the inter-rod
sheets while roughly
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maxillary molar teeth were one or two points higher in some
instances but never lower than on the mandibular teeth. We
suspect that the surface areas in contact may be equal but as
we have not determined the lengths of the opposing cutting
edges we cannot confirm this.
L_M. Rensberger: In this study, the relationship of prism
direction to chewing surface attitude is measured and found
to be significantly related. Do the chewing surface attitudes
change from early to late stages of wear, and if so do the
prism directions change from tip toward the base of the
crown?
Authors: In the koala, we have found that the attitudes of
the chewing surfaces do not change markedly from the most
worn first molars to the least worn fourth molar, nor in
animals of differing degrees of mild to moderate wear in
which the crests are not obliterated. The prism directions are
remarkably constant down the slopes of the crests, but at the
base of the crowns the prism directions are complicated by
cingula and minor styler cusps, consequently the relationship
of prism direction to stress in advanced wear becomes
untenable.
W .S. Greaves: Have you noticed any features of the dentine
architecture that might explain the increased wear on the
trailing side of the scooped out dentine on the worn surfaces
or do you think this is simply due to the increased
compaction of food in this area?
Authors: There were no features unique to either leading or
trailing edge dentine to account for the increased wear in
front of the trailing edge enamel. We believe that in this
respect, dentine wears as a homogeneous tissue in accordance
with the effect which you have experimentally produced in
plaster of paris filled aluminum tubes, Costa and Greaves
(1981) due to the compaction of particles in front of the
trailing edge.
L_M. Rensberger: You have interpreted the difference in
thickness of enamel in the leading and trailing edges as
compensation for less than optimal direction of the prisms in
the trailing edge. ls it possible that, unlike the leading edge,
the enamel is thicker at the trailing edge because there is no
dentine behind it for support, and the prisms are less
modified in direction (and less optimal) because the thicker
enamel wears more slowly and thus reduces the need more
severe prism redirection?
Authors: We favour this interpretation although the trailing
edge prisms are supported by the slope of the underlying
dentine. Furthermore,
because many of the crystals within
trailing edge rods, which are standing at 90° to the worn
surface, are tilted at up to 20° towards the long axis of the
tooth (Fig. 9), a more severe prism redirection would place
those crystals more horizontal to the wear surface and thus
make them more vulnerable to abrasion.

Discussion with Reviewers
W~ Greaves: Accepting that the thickness and architecture
of enamel ridges affects wear, do the lower molars, with
relatively narrower ridges but generally similar architecture,
wear more rapidly than the maxillary molars in the koala?
Authors: The paradox is that the mandibular molars wear at
the same rate as the maxillary molars or perhaps slightly
slower, although their enamel is thinner and the labiolingual
dimensions of the lower teeth are smaller. This can be
deduced by a comparison of the composite wear classes of
the maxillary to the mandibular
molar dentitions.
The
composite wear class for an individual is determined by
assigning scores of 1-7 to increasing degrees of dentine
exposure on the cusps and crests of each tooth and totalling
the scores for the four molars (Lanyon & Sanson 1986b).
When this was done by us in a series of 12 koalas of
increasing ages and composite wear classes, the scores on

M. Fortelius: Although you do not make it clear you are in
fact favouring the wear resistance hypothesis of Rensberger
and Koenigswald ( 1980), that prisms are most wear resistant
when their long axes are parallel to the abrasive force vector,
Boyde and Fortelius (I 986) suggested that it is primarily a
matter of the angle between the prism and the wear surface
(maximum resistance when prisms are cut transversely).
Would you like to comment?
Authors: We would suggest that resistance to abrasion is
probably an ultrastructural
level phenomenon
and that
differential resistance is offered at the crystal level which,
when they run in the long axis of the prism offer greatest
resistance to transverse loads as described by Boyde and
Fortelius (1986). When crystals run horizontally
in the
interprismatic sheets they offer less resistance (Fig. 8). This is
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shown in the minute furrowing pattern on the leading edge of
koala enamel (Fig. 11) where the ridges correspond to one
palisade of prisms and the troughs correspond
to the
intervening
interprismatic
sheets. Trailing
edge enamel
curiously does not show this. Instead it is polished. Similar
observations
have been reported by Rensberger ( 1978) in
certain geomyoids. Structural resistance to the functional
loads of occlusal stress is probably a prism level phenomenon
and correspondingly,
at that level we can accept the
Rensberger and Koenigswald
(1980) explanation
for the
orientations of koala prisms discussed above.

M. Fortelius: Of particular interest would be the structure of
the inner enamel at the crest apex referred to as random but
in fact is rather orderly-looking
(Fig. 5). If the enamel is
essentially non decussating throughout then the conclusions
will probably remain unchanged.
Authors: The intermediate zone on the crest apex of the
koala did not show the long sweeping decussations found in
the cusps and crests of macropod molars and premolars.
Hunter-Schreger
bands were not found with either polarized
light in the ground sections or with SEM. There is a
simultaneous
turning of some prisms into the horizontal
plane but this was nowhere as regular as that which occurs in
the macropod
incisors and did not extend on to the
amelodentinal junctions of the edges. Horizontal sections of
the crest (Fig. 6) showed the intermediate zone as an area
where the rods were bent in several directions and the interrod sheets fanned out in an irregular
manner in the
horizontal plane. This probably makes the intermediate zone
less resistant to wear, for wider striations occur over it on the
worn surface. However, it could be as you suggest an
adaptation to prevent crack propagation towards the crestal
dentine.

W.V. Koenigswald: My personal interest was caught by fig 5.
On both sides of the "lamella B" the prisms do not follow
the general rule. I do not understand that the prisms are
randomly related to the worn surface. To me it looks like
they are in parallel to, but in a different direction than in the
outer enamel. The area of the tooth is of interest since Beier
(I 983) found this exactly in this position in molars of
Dendrolagus the appearance
of Hunter-Schreger
bands
(HSB). These are not HSB, but the simultaneous
turn of
prisms found for instance in the incisors of Macropus (Beier
1984) looks very similar. It is a general feature and found in
several mammalian orders (Koenigswald in press). I think this
structure might be selected to stop cracks penetrating into the
enamel.

A-'- Boyde: Please could you provide a more detailed
description of the vertical enamel lamella? How precisely was
it measured to be 1.3 microns in width, and could you
provide information about its likely nature and development?
Authors:
In some, but not all preparations,
a clear
delineation
between leading and trailing edge rods was
discerned running from the apex of the crestal dentine to the
worn surface as at B in Fig. 5. At magnifications
around
2,000 x this appeared as a continuous homogeneous lamella
without apparent crystalline content which coursed between
the prisms and merged with inter-rod sheets. Its mean width,
measured at 2,000 x magnification
in three different sites,
was 1.3 µm with a range of 1.1-1.7 µm. In other preparations
cracks or voids between inter-rod sheets were found in this
location. It may be an artefact or a crack developed in life
and filled with proteinaceous
material but its occurrence
warrants further investigation, in teeth which had not been
allowed to dry out, as this material had.

Figure 11. Whole mount preparation of the postparacrista of
a koala second molar contrasting the surface texture of the
leading (right) and trailing (left) enamel. The fine regular
furrows on the leading edge are of the dimensions of the rod
palisades and inter-rod substances (R). On the trailing edge
striations (S) deeply scour the polished surface though few
are present on the leading edge. Fissures (F) on the
enamel-dentine
junction of the trailing edge are of inter-rod
spacing. Arrow gives direction of chewing stroke. Bar =
0.1mm.
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